Abstract. This paper discusses the role that aluminum particle size has on explosives blast performance. Tests were performed using a small sealed chamber and an open-ended shock tube. Three explosives were tested and the results presented. The Al particle size examined was 20 microns and 150 nanometers in a pressed PBXN-109 analog composition. (PBXN-109 was also tested.) A noticeable difference in the internal blast pressure was observed between the 20 jam and 150 nm Al in the sealed chamber but not in the shock tube. The chamber results compare favorably with modeling work performed.
INTRODUCTION
The addition of metal to energetic materials has been shown to be effective in increasing the blast characteristics of formulations. The role that metals play in affecting the reaction of energetic material has been studied for decades. The accepted reaction mechanism of the metal is that the particle reacts after the detonation wave has swept past, releasing its energy in a much longer time frame and thus creating a late time reaction and a longer pressure profile. The use of jum-sized Al additive has become the standard for explosive formulation throughout the Department of Defense (DOD). The Navy's standard explosive for blast is PBXN-109, which contains RDX and 20 jam Al.
While metals have been studied for decades, the availability of small particle metals (particularly Al) over the past couple of years has prompted researchers to examine the effect that particle size has on energetic materials (1,2,3). The dramatic results obtained by increasing the burn rate of propellants have fueled interest from the explosive community. The main metal reaction pathway is the oxidation of the metal.
2 Al + 3/2 O 2 -> A1 2 O 3 + heat This reaction is diffusion-limited if the oxide coating remains in contact with the unburned Al. As the particle size is decreased, the speed of that reaction increases and the ability for complete conversion to the oxide is increased.
The effect of using smaller sized Al should be observed in the increased pressure of the initial blast wave. As the reaction is allowed to continue, it has been surmised that the larger Al will burn late, while the smaller Al will have been consumed. Thus, the total energy is the same while the energy release profile is different.
EXPERIMENT
To test blast performance of the explosives, a closed chamber test was used to evaluate the initial blast effects from explosives. The steel cylindrical chamber used was 10 inches (inner diameter) by 16 inches (high) with 1-inch-thick walls. A pressure gauge (Kistler Model 607-C3 100,000 psi) was mounted at the top of the chamber in a Teflon mount (Fig. 1) . (Teflon is used to try to isolate the gauge from the shock traveling in the chamber wall.) The amount of energetic material used was 2-3 grams and were 1/2-x 1/2-inch cylinders. An explosive pellet and a detonator (Reynolds RP-501) were held in an aluminum fixture mounted on a Plexiglas block. The fixture provided for some confinement as well as ensured that the detonator and explosive were in contact. Three sets of samples were tested for this paper. The baseline formulation was PBXN-109. The two other formulations were pressed analogs to PBXN-109. One set contained 20 urn Al and the other 150 nm Al. Each composition was tested five times. The explosive compositions are given in Tables 1 and 2. MDX-81 Al has an average particle size of 20 um and is spherically shaped. This Al is used in PBXN-109. The nanosized Al "Alex" was from Russia (Argonide Inc. Lot # A06-24-25R). It had a wide particle size distribution with a range of 50 to 500 nm with a typical size of 150 to 200 nm.
A major concern with evaluating nanosized Al is the oxide layer that exists on the particle. This layer is typically on the order of 3-nm thick for all particle sizes. It is due to the diffusion of oxygen, which leads to passivation of the surface of the metal. For um-sized particles, the 3 nm shell is not significant in evaluating the amount of pure metal in the particle. However, for a nanosized particle, the oxide shell can take up an appreciable volume of the particle. For the Al used in this study, the oxide layer was measured to be approximately 14% by weight of the particle. Thus, the total amount of available Al is lower in the nanosized composition. blast chamber for the 20 (im Al is shown in Fig. 3 . The ringing is due to reflections in the chamber as the pressure wave cycles between the top and bottom of the chamber. In Fig. 4 , the averaged results from five 150 nm Al tests are compared with the averaged results from five 20 um Al tests. The initial pressure of the nanosized Al is clearly higher than the jam Al (an average increase of 63%). If one determines the impulse by integrating the pressure-time curve from the initial rise in pressure for a fixed time, the impulse from the composition containing Alex is 2.75 times higher then the MDX-81 composition.
The results shown in Fig. 4 compare well with the calculated pressures from DYNA2D (4). The calculation showed the ringing as the wave is reflected inside the chamber as seen in the experiment. The model also predicted a higher peak pressure and impulse for the nanosized Al, as was observed. The results from the tube were not as straight forward as those observed in the chamber. First, the arrival times of the wave at the gauges were not consistent in the same test and also varied within the same material. This made analysis difficult due to the lack of a consistent time. Also, comparison was made with . PBXN-5's pressure traces were very similar in structure to the pressed 109 analogs. While slight differences were noticed with the different Al, they were not as dramatic as was observed in the chamber. The impulse for the nanosized Al was slightly higher but was due, for the most part, to the mismatch of rise times. At the gauge located 4 inches from the explosive charge, the electrical noise from firing the detonator made determination of initial rise often difficult. The average from five tests on each material is presented in Figure 6 . Figure 7 shows a comparison from single set of tests over a longer time base. 
CONCLUSIONS
The nanosized Al showed a significantly greater initial blast pressure in the closed chamber test but no change was observed in the shock tube. The blast chamber's experimental work has good agreement with the calculated blast pressure obtained from DYNA2D modeling.
Work is necessary to develop a better test method to observe the reaction mechanisms in air. Modeling work is also continuing to develop a reaction kinetics model to account for differences in particle size of aluminum. Gauges mounted on the side might have caused some of the differences between the tube and the chamber that had its gauge mounted on the top in a direct path of the oncoming particles. While the gauge in the chamber was protected, it might not have been adequate. The nanometer-sized Al would be able to travel faster than the 20 um Al and thus might be able to impact a gauge mounted in its path, increasing the observed pressure. Turbulence for mixing is known to enhance metal reaction but neither tube nor chamber should have experienced much turbulent mixing during the initial pressure rise.
